INTRODUCTION
The genus Flavivirus, within the family Flaviviridae, currently consists of .70 virus species distributed all over the globe Gubler et al., 2007; Lindenbach et al., 2007) . It includes numerous viruses of major human health concern, such as Dengue virus (DENV), Japanese encephalitis virus, West Nile virus and the type species for flaviviruses, yellow fever virus (flavus: 'yellow'), giving the family and the genus its name (Gould & Solomon, 2008; Mackenzie et al., 2004) . The genome of flaviviruses consists of a positive-sense ssRNA molecule of~11 kbp. One single ORF encodes three structural proteins (capsid, pre-membrane and envelope) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) flanked by untranslated regions (Chambers et al., 1990; Lindenbach & Rice, 2003) .
The genus Flavivirus has been divided into four main groups based on ecological characteristics, molecular phylogenetic analyses, vector specificity and virus performance in host cells (Gaunt et al., 2001; Gould et al., 2001; Kuno, 2007) . Most of the recognized flaviviruses belong to the mosquito-borne flaviviruses (MBFs) that are commonly, but not exclusively, vectored by either Aedes or Culex mosquitoes. The second group, tick-borne flaviviruses (TBFs), the only monophyletic group of Flavivirus, are vectored by ixodid ticks, and are further subdivided into a mammal and a seabird group based on their host specificity (Grard et al., 2007; Gritsun et al., 2003) . The no-known vector flaviviruses (NKVFs) are associated with either bats or rodents and infect vertebrates without an apparent arthropod vector transmitting the viruses (Porterfield, 1980) . The majority of the known flaviviruses are zoonotic, i.e. pathogenic viruses that can be transmitted between humans and other animals. However, the fourth group, the insect-specific flaviviruses (ISFs; flaviviruses that are only capable of replicating in insect cells) (Kuno, 2007) , is most likely an undersampled and very diverse group (Cook et al., 2012) .
The idea of a molecular clock has been used to address many hypotheses in the study of emerging viral diseases, especially for diseases caused by RNA viruses (Bromham & Penny, 2003) , e.g. to reject the hypothesis of a potential spread of human immunodeficiency virus (HIV) in the 1950s through a contaminated polio vaccine (Korber et al., 2000) . However, dating the origin of viruses is a complex and challenging task. For viruses with high rates of evolution, the original phylogenetic signal is difficult to deduce even with complex evolutionary models because the signal diminishes with time due to repeated substitutions at the same site (Holmes, 2003a ). The extremely high substitution rate observed for RNA viruses is mostly due to their errorprone replication and repair machinery (Bromham & Penny, 2003; Duffy et al., 2008) . Unequal substitution rates among lineages of the same genus further adds to the complexity of accurately estimating the time to the most recent common ancestor (tMRCA) (Duffy et al., 2008; Holmes, 2003a; Sanjuán, 2012) .
Reconstruction of divergence times requires a temporal reference to convert branch lengths of a phylogenetic tree into time. This temporal reference is usually in the form of a fossil or biogeographical event (i.e. internal node calibration), as in most eukaryote studies, or isolation dates (i.e. tip date calibration), as with bacteria and virus studies. From the biogeographical events, fossils or isolation dates, the ages of internal nodes can be estimated. The match between virus and host phylogenies has led to the suggestion that some virus lineages originated millions of years ago. However, this has been strongly rejected by molecular clock studies indicating a virus origin of only a few thousand years ago (Holmes, 2003a; Worobey et al., 2010) . This controversy has sparked a debate regarding the validity and utility of molecular clock reconstructions using tip dates versus internal (deep) calibration to study and infer the temporal scale of virus evolution (Sharp & Simmonds, 2011) .
Previous studies based on molecular clocks have suggested that the Flavivirus clade originated~10 000 years ago in Africa ) from a non-vectored mammalian virus ancestor , followed by the radiation of TBFs and MBFs during the last 5000 and 3000 years, respectively (Zanotto et al., 1996) , and ISFs~3000 years ago (Crochu et al., 2004) . Other studies have also dated small clades of individual flaviviruses using tip dates as calibration points. These estimates are broadly congruent with the notion of a Flavivirus origin within the last 10 000 years (e.g. Dunham & Holmes 2007; May et al., 2011; Pan et al., 2011; Twiddy et al., 2003) . However, recent analyses on TBFs, based on complete genomes analysed with a relaxed molecular clock and Bayesian methods, have estimated the age for the TBF clade to be at least 16 000 years (Heinze et al., 2012) , indicating that the age for the Flavivirus genus as a whole should be significantly older than suggested previously.
Within the TBFs, a close relationship between the biogeography of the Beringian land bridge, the historical landmass that connected north-east Siberia with Alaska and north-west Canada (Hultén, 1937) , and the evolution of the Powassan virus (POWV) clade, the only TBFs present in North America, has been pointed out recently (Ebel, 2010; Heinze et al., 2012) . Geological studies estimate that the land bridge was open for mammal land migration before the end of the last glaciation between 15 000 and 11 000 years ago (Elias, 2001; Elias et al., 1996; Kelly, 2003; Mandryk et al., 2001) . The absence of tick-borne encephalitis virus (TBEV) and Russian POWV lineages in North America is consistent with the idea that the colonization of POWV into North America happened under a single event by a land route, also supported by the lack of evidence for continuous movement of POWV and TBEV between Russia and North America by either seabirds or mosquitoes (Heinze et al., 2012) . Therefore, it is unlikely that POWV emerged in North America before the land bridge became accessible again after the last glacial maximum. Consequentially, it is improbable that POWV emerged after the Bering Strait was formed. The most probable explanation, given the current knowledge and present distribution of the POWV lineages, is that during the course of TBF evolution POWV diverged from other TBF lineages in a single introduction event by the land route during the presence of the Beringian land bridge 15 000-11 000 years ago (Heinze et al., 2012) .
POWV could have been introduced into North America by either humans or other mammals that colonized the Americas during the existence of the Beringian land bridge via one of two routes: the interior route or coastal route. (i) The interior route became accessible when the process of deglaciation created a corridor between the Laurentide and Cordilleran glaciers. The corridor did not exist during the last glacial maximum. The corridor started to open~15 000 years ago (Dixon, 2013; Dyke, 2004) , and became habitable for humans and other mammals~13 500 years ago (Dixon, 2013) . (ii) Towards the end of the last glacial maximum, the glaciers bordering to the south-west coast of Alaska through western Canada started to melt. Around 16 000 years ago, the glaciers had receded to the extent that the coastal habitats could support human populations (Dixon, 2013 and references therein) . The coastal route is also likely to be the route by which humans first entered the Americas (Achilli et al., 2013; Bodner et al., 2012; Fagundes et al., 2008; Goebel et al., 2008; Schurr, 2004) .
Presently, there are coding nucleotide genomes available from .70 unique strains of the genus Flavivirus, including viruses recognized by the International Committee on Taxonomy of Viruses (http://www.ictvonline.org/virusTaxonomy.asp?version= 2013). Here, we combine this information together with relaxed molecular clock methods implementing a Bayesian approach, again to estimate and shed some light on divergence times of the genus Flavivirus and groups within. Aided by biogeographical calibration, we report the first study, to the best of our knowledge, estimating the age and rates of substitution of the genus Flavivirus as a whole, including its major groups, using complete coding nucleotide genomes. We explore multiple internal calibration points using Bayesian methods in combination with a relaxed molecular clock to reconstruct divergence times. We compare our results with previous studies reconstructing divergence times for different clades within the genus Flavivirus. We also discuss the incongruence between virus-dating studies using molecular clocks and RNA virus evolution. Finally, we propose a temporal and biogeographical scenario for the evolution of the genus Flavivirus.
RESULTS AND DISCUSSION

Phylogenetic reconstruction of the genus Flavivirus
The phylogeny of Flavivirus and its major groups was inferred using a genus-wide sampling approach including 86 complete coding flavivirus genomes with known isolation dates (Table 1) analysed by both Bayesian and maximum-likelihood methodologies. The overall tree topology from all of the different analyses was in agreement with previous published phylogenies based on the NS3 gene (Billoir et al., 2000; Cook & Holmes, 2006; Grard et al., 2007) , multiple genes (Medeiros et al., 2007) and complete genomes (Cook & Holmes, 2006; Cook et al., 2012; Grard et al., 2007 Grard et al., , 2010 Kuno & Chang, 2006; Lobo et al., 2009) . Our results were consistent with what is commonly referred to as an NS3-like topology (Fig. 1) .
Two datasets were analysed, a nucleotide and an amino acid sequence alignment, using Bayesian and maximumlikelihood approaches. In our Bayesian phylogenetic analysis, the nucleotide and amino acid 50 % majority rule consensus trees from MrBayes (Figs S1 and S2, available in the online Supplementary Material) and the maximum clade credibility tree from BEAST (Figs 1 and S3 ), all rooted with bovine viral diarrhea virus 1 (BVDV-1), produced topologies with strong support for the focal nodes (A-O). The Bayesian trees were also supported by the topology of the maximum-likelihood trees, although the sister relationships between Tamana bat virus (TABV) and all other groups were unresolved in the maximum-likelihood trees (data not shown, available upon request).
There was maximum posterior probability (1.0 pp) for the four major clades roughly corresponding to the conventional grouping of Flavivirus ; the TBF clade (node M), the NKVF clade (NKVF a , node N), a MBF-dominated group (MBF dom , node F) and the ISF clade (ISF a , node E), sister to the other three groups (Fig. 1) . The MBF dom group (node F) includes (i) the Aedes MBF clade (MBF Aedes , node H), (ii) a NKVF clade (NKVF b ), sister to the MBF Aedes clade, (iii) a grade of likely insect-specific flaviviruses consisting of Chaoyang virus, Donggang virus, Lammi virus and Nounane virus (nodes I and J) (Huhtamo et al., 2009; Kolodziejek et al., 2013; Lee et al., 2013) and (iv) the Culex MBF clade (MBF Culex , node K). The present study supports the fact that the majority of the members of the genus Flavivirus show a very strong pattern of host-vector association , as all groups showed distinct clustering depending on vector association. It is possible that the positioning of the NKVF b clade is a consequence of secondary loss of vector capability . Likewise, it is possible that the grade of ISFs (nodes I and J) within the MBF dom group is also due to secondary loss of vector capability.
The main disagreement between our findings and other studies relates to the position of TABV. TABV has previously been suggested to be the sister group to the ISF a clade (node E) based on complete coding amino acid sequence analysis (Cook et al., 2012) . However, in the present study, TABV appears to have diverged before the ISF a clade (node B, 1.0 pp, based on Bayesian nucleotide and amino acid phylogenetic analyses), which instead is sister to the TBFs, NKVFs and MBFs (Figs 1, S1 and S2). Our results are consistent with the topology of previous complete genome and gene-based phylogenetic studies (de Lamballerie et al., 2002; Hoshino et al., 2009; Lobo et al., 2009) .
Divergence times of the genus Flavivirus
Viruses, and RNA viruses in particular, provide an excellent opportunity to study evolutionary change because of their relatively high rate of substitution that allows for evolution to be observed within human timescales (Bromham & Penny, 2003; Drummond et al., 2003; Duffy et al., 2008; Holmes, 2003a) . Many studies have used molecular clocks to date recent divergences (hundred-year scale; see: Kumar et al., 2010; Mehla et al., 2009; Mohammed et al., 2011; Patil et al., 2011; Ramírez et al., 2010; Weidmann et al., 2013) , but here we show the utility of using internal calibration that allows for the reconstruction of deeper divergence times.
The divergence times under different calibration schemes are summarized in Tables 2 and S1. All BEAST runs were performed with an uncorrelated log-normal relaxed molecular clock, as the null hypothesis of a strict global substitution rate was rejected by the maximum-likelihood molecular clock test (data not shown).
Divergence times of the genus Flavivirus: calibration schemes compared
To examine the temporal origin of Flavivirus, we performed several analyses in BEAST as outlined in Methods. Using only tip date calibration resulted in 12-14 % older mean divergence times for nodes A-O than using the internal Beringian calibration (node O calibrated to 15 000-11 000 years ago) together with tip dates. For example, the age of the root (node A) varied between 265 000 [95 % highest posterior density (HPD): 25 600-2 768 000] and 230 500 (156 100-322 700) years ago, respectively ( Fig. 1, Table 2 ). When using TBF internal calibration (node M, calibrated to 16 100-44 929 years ago) based on the results from Heinze et al. (2012) using only tip dates as calibration, 17-18 % younger mean divergence times were recovered for nodes A-O compared with using tip dates only (Table 2 ). Both Beringian and TBF calibration recovered similar mean divergence times, although TBF calibration recovered 4-5 % younger mean estimates for nodes A-O than Beringian calibration (Table 2) . Also, allowing for a wider range of the Beringian calibration, i.e. 16 000-10 000 years, following Dixon (2013) , TBF recovered similar ages for the split of POWV and its sister (node O) at 12 500 (10 000-15 600) years ago and for the root (node A) at 228 500 (142 900-332 500) years ago as (Table S1 ).
The use of the Yang96 model with tip dates as calibration recovered older ages and broader intervals (95 % HPD) compared with using the SRD06 model (Table S1 ). However, both SRD06 and Yang96 model analyses under Beringian calibration recovered similar ranges for the 95 % HPD intervals (Table S1 ). The difference in estimates seen between SRD06, allowing for the third codon position to vary independently of the linked first and second codon positions, and Yang96, allowing for all three codon positions to vary, is an indication that divergence time estimates become biased towards the present, with higher substitution rates per nucleotide (Worobey et al., 2010) .
The differences seen between the calibration schemes are explained by the fact that estimating the tMRCA for entire virus families or genera requires a broad sampling scheme in order to cover as much of the variation as possible from the group in question. However, the wider the sampling, the higher the variation in substitution rates among lineages. This will consequently lead to an increasing departure from a constant molecular clock (Bromham & Penny, 2003; Duffy et al., 2008; Holmes, 2003a) . A high variation in substitution rates will lead to uncertainty in the reconstructed divergence times unless calibration points restrict the node ages. Therefore, using tip dates alone results in a high level of uncertainty for the deeper nodes and thus internal calibration becomes crucial (Ho & Phillips, 2009 ). As the Beringian calibration constraint (15 000-11 000 years) is narrower than the TBF calibration constraint (16 100-42 300 years; Heinze et al., 2012) , the resulting 95 % HPD intervals from the Beringian analysis are also narrower.
Our study shows how incorporation of internal calibration in large-scale virus phylogenies can help reconstruct more precise divergences times, independent of the substitution model, given a robust and reliable calibration by narrowing down the 95 % HPD intervals. Furthermore, as the mean tMRCA estimates are generally congruent between the calibration schemes applied (Table S1 ), we will hereafter only report and discuss the results from the combined tip dates and the internal node calibration based on the Beringian-POWV biogeographical event, i.e. the Beringian calibration, with the most narrow 95 % HPD intervals, unless otherwise stated. This is because the incorporation of biogeographical information is essential to date virus origins, especially for ancient events (Katzourakis et al., 2009; Wertheim & Kosakovsky Pond, 2011) , as is the case with Flavivirus.
Divergence times of the genus Flavivirus: congruences and incongruences
The genus Flavivirus is defined as sensu lato (node B) or sensu stricto (node C). Our analysis, inferred from complete coding nucleotide genomes, indicated that Flavivirus sensu lato originated~119 800 (87 100-158 900) years ago if TABV is to be considered a part of the genus, or~84 700 Our results also contrast the 3 000 years age of the MBF dom group (node F), including MBFs, ISFs and NKVFs, estimated in Zanotto et al. (1996) . In the present analysis, the MBF dom group (node F) was instead suggested to have emerged .41 500 (32 600-51 600) years ago, with a subsequent diversification of the MBF Aedes clade (node H) and the MBF Culex clade (node K) clade~25 900 (19 800-32 000) and~26 900 (21 000-33 400) years ago, respectively. Previously, the ISF a clade (node E) was indicated to have emerged between 3500 and 350 000 years ago (Crochu et al., 2004) . The combination of tip date calibration and internal node calibration allows us to more precisely pinpoint the origin of the ISF a clade to have occurred 40 700 (30 800-52 300) years ago, i.e.~44 000 years after the split from the last common ancestor of Flavivirus sensu stricto (node C) that emerged~84 700 (63 700-110 000) years ago. We also showed the first proposed dating of the NKVF a clade (node N), here estimated to have emerged 24 100 (18 000-30 900) years ago,~15 000 years after the split from the last common ancestor of TBFs and NKVFs (node L).
The sharp contrast between the estimates in the present study and previous studies can possibly be explained because evolutionary rates in our study are inferred from a genus-wide sampled dataset using a codon-based substitution model as compared with a nucleotide-based substitution model used in many other studies. It is likely that nucleotide-based substitution models will not be able to account for variation in selective pressure throughout evolutionary history, where the effect of purifying selection is likely to cause underestimation of the actual ages (Wertheim & Kosakovsky Pond, 2011) . Using the SLAC, FEL, IFEL, FUBAR and MEME methods available within the HyPhy package (Pond et al., 2005) and at the Datamonkey webserver (Delport et al., 2010) , there were none-to-weak signs of positive selection, but strong signs of purifying selection in the alignment used in the present study (results available upon request). Signs of strong purifying selection within Flavivirus are in concordance with what has been found previously for members of the genus Flavivirus and for vector-borne RNA viruses in general (Holmes, 2003b; Pybus et al., 2007; Woelk & Holmes, 2002) . A codon-based substitution model can to some extent compensate for purifying selection, producing older tMRCA estimates than nucleotide-based substitution models (Wertheim & Kosakovsky Pond, 2011) . However, and more importantly, to accurately date deep RNA virus origins, the use of other sources of evidence (such as biogeography) will eventually become necessary as even codon-based models cannot account for the complex interactions of events and factors that have occurred throughout evolution (Katzourakis & Gifford, 2010; Katzourakis et al., 2009 ).
Our study is supported by the fact that both Beringian calibration and only tip date calibration give similar mean tMRCA estimates, although only tip date calibration gives broader 95 % HPD intervals. In contrast to several studies (Sharp & Simmonds, 2011) , we have not found any conflict between internal node and tip date calibrations. Our results are also congruent with several other studies (Table S3 ). The estimated tMRCA for the TBFs clade [node M, at 27 500 (21 700-34 200) years ago] is supported by previous estimates for the whole clade (Heinze et al., 2012) (28 600 years ago) and for the lineages within (Bertrand et al., 2012; Uzcátegui et al., 2012) (Table S3 ). For the split of the POWV clade and its sister (node O), our tMRCA estimates of 14 800 years ago from tip date analysis also match broadly with previous molecular clock studies (12 300 years ago; Heinze et al., 2012) and support the use of the Beringian biogeographical calibration.
Evolutionary rates of the genus Flavivirus and molecular clocks in RNA viruses
Rates of nucleotide substitution were estimated from the Beringian calibrated BEAST analyses for the entire ORF of the genome (Table 3) . Rates for the Beringian, TBF and tip date calibration are summarized in Our results are not very surprising given that rate differences of up to 125 times have been shown for simian immunodeficiency virus as compared with its sister, HIV (Worobey et al., 2010) .
Furthermore, we did not find that the MBF dom group (node F) evolved at a significantly faster rate than the TBF clade (node M), as reported previously (Zanotto et al., 1995 (Zanotto et al., , 1996 . Instead, our study showed that the MBF dom group (node F) evolved at a mean rate of 3. (Table  3) . Therefore, the implications for Flavivirus evolution derived from Zanotto et al. (1995 Zanotto et al. ( , 1996 . Their fast rate of evolution could perhaps be explained by their vertical mode of cycling transmission in combination with their specificity to insects with relatively short generation times (Bolling et al., 2012; Lutomiah et al., 2007) .
Estimates of substitution rates are often found to be much higher for tips than for deep nodes (Wertheim & Kosakovsky Pond, 2011) . From our perspective, a highly variable non-constant molecular clock with pulses of very high substitution rates for short periods of time may reflect the difference of orders of magnitude seen when comparing evolutionary rates in short and recent times (e.g. 1610
23
for DENV-4 in Klungthong et al., 2004) with long and deep times (e.g. 4610 25 for Flaviviruses sensu lato in this study).
Beringia and the emergence of POWV in North America
The Beringian land bridge was open for land migration between 15 000 and 11 000 years ago until it was flooded and the Bering Strait was formed (Dixon, 2013; Elias, 2001; Elias et al., 1996; Kelly, 2003) , effectively blocking migration between Asia and North America for animals other than humans (Fig. 1) . Our molecular reconstructions using only tip dates are congruent with POWV being introduced into North America when the Beringian land bridge was accessible and supports the use of tip dates in combination with an internal Beringian calibration (Fig. 1 , Table 2 ).
How then did POWV enter North America? Although humans might have been responsible for carrying POWV, as humans do get infected with POWV, perhaps it is more likely that ticks and associated tick hosts jointly brought POWV into North America. Human infections with POWV in present times are infrequent (Ebel, 2010) , although numbers appear to be on the increase (Hinten et al., 2008) . Between 15 000 and 11 000 years ago, the migrating human population who settled the Americas had an effective population size of perhaps ,80 individuals (Hey, 2005) . This, in combination with the fact that POWV is considered to be maintained solely in an enzootic cycle between ixodid ticks and their vertebrate hosts (Ebel, 2010; Ebel et al., 2000) , is a strong argument against humans being the likely vectors by which POWV first entered North America. Nor is it likely that POWV entered the Americas by the coastal route. Even though the coastal areas did support marine mammals and had terrestrial mammals living in refugia (Heaton & Grady, 2003) , the deglaciated coastal areas had sparse vegetation that did not support large populations of terrestrial mammals (Dixon, 2013) . Also, animals were isolated and movement was inhibited due to the glaciers, and the coastal route was, in general, not considered to be a migratory route for mammals other than humans (Dixon, 2013) .
In view of the results from the present study, the most likely time period of introduction was after the deglaciation corridor became habitable~13 500 years ago (Catto, 1996; Dixon, 2013) and before sea levels rose by 40 m and the Bering strait reached its present width before 10 500 years ago (Elias et al., 1996) . During this period, populations of see Table 1 ), year of isolation and GenBank accession number. Development of the Beringia region between the last glacial maximum until the Bering Strait was formed (25 000-10 500 years ago). Beringia development after Elias et al. (1996) and Dixon (2013) . Origin of the genus Flavivirus ixodid ticks and land mammals (including humans) could have migrated from eastern Beringia through the then habitable deglaciated corridor to the south of the glaciers (Dixon, 2013; Goebel & Buvit, 2011; Shapiro et al., 2004) . Ticks and tick hosts maintaining POWV might initially have been restricted to eastern Beringia, north-west of the glaciers. As the deglaciated corridor became habitable and animals could migrate southwards, and after the Bering Strait was formed preventing land migration back to Asia, POWV became established in North America. Using an internal calibration of 15 000-11 000 or 16 000-10 000 years for the split of POWV from closely related TBFs gives similar tMRCA dates for POWV crossing into the Americas (12 800 and 12 500 years ago, respectively), which is in agreement with dates of the opening and closing of the Beringian land bridge.
Did flaviviruses and humans spread throughout the globe together?
Viruses, and RNA viruses in particular, are among the most successful evolving entities on the planet, having colonized and adapted to an array of different environments and modes of transmission within all domains of life (Wasik & Turner, 2012) . The most significant event that might have helped shape the distribution of flaviviruses is perhaps the spread of modern humans out of Africa. Modern humans arose in Africa (Cavalli-Sforza & Feldman, 2003; McDougall et al., 2005; Stringer & Andrews, 1988) , and began migrating to other continents between 80 000 and 40 000 years ago, having populated all continents except Antarctica by 10 000 years ago (Blome et al., 2012; Henn et al., 2012; Macaulay et al., 2005; Rasmussen et al., 2011) . The migration of humans out of Africa has been accompanied by several other pathogens. The pathogenic bacterium Helicobacter pylori appears to have accompanied human migration out of Africa and is estimated to have spread from east Africa~58 000 years ago (Falush et al., 2003; Linz et al., 2007; Moodley et al., 2012) . Likewise, the Mycobacterium tuberculosis complex is estimated to have started to diverge~70 000 years ago, consistent with an African origin linked to human expansion and migration (Comas et al., 2013; Wirth et al., 2008) . Similarly, several human pathogenic viruses also show patterns of co-divergence associated with human diversification (Holmes, 2004) . Therefore, it is perhaps not unlikely that the spread and evolution of several Flavivirus strains, especially if much of the Flavivirus diversity originated in Africa , was influenced by human migration and expansion across the globe.
METHODS
Virus genomes, sequence alignments and models of molecular evolution. Complete coding genomes of the genus Flavivirus, excluding the untranslated 59 and 39 flanking regions, were retrieved from GenBank (Table 1) . Genomes were selected based on available background information on the year of virus strain isolation (isolated between 1937 and 2011). BVDV-1 of the genus Pestivirus within the family Flaviviridae was included as an outgroup based on a previously published Flavivirus phylogeny (Cook et al., 2012) . To construct a robust alignment without frameshifts, all sequences were translated to amino acids in SeaView 4.4.2 (Gouy et al., 2010) , aligned with MAFFT 7.037b using the default G-INS-i algorithm and parameters (Katoh & Standley, 2013) , and then back-translated into nucleotides. The resulting alignments were inspected visually and edited with AliView 0.8 (http://ormbunkar.se/aliview). To estimate the best-fitting model of evolution for the sequence alignments, model tests were performed for the nucleotide alignment using jModelTest 2.1.3 (Darriba et al., 2012) and for the amino acid alignment using ProtTest 3.2.1 (Darriba et al., 2011) . To test the null hypothesis of a strict molecular clock, a maximum-likelihood clock test was performed using MEGA 5.22 (Tamura et al., 2011) . The best-fitting models were then specified in the respective analyses.
Phylogenetic analysis: maximum-likelihood and Bayesian analysis. Maximum-likelihood trees were estimated using RAxML 7.6.3 (Stamatakis, 2006) with 1000 rapid bootstraps under the GTR+ I+G model for the nucleotide alignment and the WAG+I+G model for the amino acid alignment, respectively. Bayesian phylogenetic trees were inferred using MrBayes 3.2.1 (Ronquist et al., 2012) by executing two parallel runs with four Metropolis-coupled chains for 20 million and 9 million Markov chain Monte Carlo (MCMC) generations, using GTR+I+G for nucleotides and WAG+I+G for amino acids as model of evolution, respectively, sampling every 1000 generations and run with default priors, discarding the first 25 % as burn-in.
Estimating the tMRCA: Bayesian analysis with BEAST. To explore the temporal scale of the entire genus Flavivirus, evolutionary rates and the tMRCA were estimated using a Bayesian MCMC method as implemented in BEAST 1.7.5 (Drummond et al., 2012) . All BEAST runs were performed with calibrated tip dates where the sequence with the most recent sampling date (2011) was set to represent the present. The SRD06 codon-based partition model (Shapiro et al., 2006) and HKY85+G nucleotide substitution model were used together with a non-parametric Bayesian skyline population coalescent tree prior with a piecewise-constant skyline demographic model (Drummond et al., 2005) , along with a log-normal uncorrelated relaxed molecular clock. The effect of using the Yang96 codon model (Yang, 1996) was also explored in a separate analysis. All analyses were run for 100 million generations in triplicate, sampling every 1000 generations to ensure mixing of chains and that a sufficiently effective sample size (Miller et al., 2010) and at the Uppsala Multidisciplinary Center for Advanced Computational Science (www.uppmax.uu.se).
Calibration schemes. In BEAST, three calibration schemes were applied. (i) The first analysis was run with default uniform priors using tip dates only (i.e. uncalibrated internal nodes) allowing the MCMC chains to freely explore the treespace and the node height.
(ii) The second analysis was run using tip dates together with secondary calibration data for the TBF node (split of mammalian TBFs from seabird TBFs), previously estimated to have originated between 44 929 and 16 100 years ago (Heinze et al., 2012) , hereafter referred to as the TBF calibration. These dates were incorporated as upper and lower bounds using a uniform distribution. (iii) The third analysis was run using tip dates together with an internal node calibration based on the biogeographical event for the split of the POWV and closely related TBFs during the existence of the Beringian land bridge, estimated to have been open for mammal land migration between 15 000 and 11 000 years ago (see Introduction). Here, the ages of the opening and closing times of the Beringian land bridge were used to specify a maximum bound (15 000 years) and minimum bound (11 000 years) for the age of this split, given that the POWV clade is the only North American TBF and that all other TBFs are either African, Eurasian or Oceanian (Heinze et al., 2012) , hereafter referred to as the Beringian calibration. In addition to the Beringian calibration, we also tested the effect of allowing for a wider range of the opening and closing of the Beringia land bridge (Dixon, 2013) . Here, the age for the split between POWV and closely related TBFs was set with an internal calibration to an upper bound of 16 000 years ago and a lower bound of 10 000 years ago.
